Abstract Kinetics of the oxidative photodegradation of monuron (3-(4-chlorophenyl)-1-1-dimethylurea) in both homogeneous solution of Fe(ClO 4 ) 3 and heterogeneous suspension of TiO 2 , were investigated and compared. In the homogeneous system (Fe(III)), the speciation of Fe(III) aquacomplexes was shown to play an essential role in the rate of photodegradation. For high concentrations of TiO 2 (> 500 mg L -1 ), the photodegradation rate was similar to the reaction rate obtained with a freshly prepared solution of Fe(III) (3 × 10 -4 mol L -1 ). In the combined system (TiO 2 + Fe(III)), a synergy effect accelerating the monuron photodegradation was observed. Actually, in the presence of Fe(III) (in concentration compatible with a safe environment), a similar reaction rate for monuron photodegradation was obtained with a TiO 2 concentration lower by a factor of 20.
Introduction
The pollution of continental waters is due to many different factors, including industrial and urban waste waters and agricultural activities. The application of herbicides on agricultural soils is a well-established and effective practice to control the weed growth. Since their discovery in the early 1950s, the substituted phenyl ureas have developed into the most prominent and diversified group of herbicides. Due to the fact that the biodegradation process of these substances is slow (Khadrani et al., 1999; Madhum and Freed, 1987 ) the washing and leaching processes cause contamination of surface and ground waters. This pollution by herbicides and their by-products can be a real problem for the environment. However, when the pesticides are scattered in the aquatic environment, they can undergo different degradation processes.
Photochemical reactions, attack by hydroxyl radicals ( • OH) and hydrolysis are the principal processes of herbicide abiotic degradation in the environment and can provide an alternative route to biodegradation. Among the different abiotic degradation processes, solar photoreactions are one of the main factors responsible for pollutant degradation in the aquatic environment. The transformation of a pollutant by solar light can be due to direct photolysis, if the pollutant absorbs the solar light, and/or photoinduced by different absorbing species, present (Fe(III) complexes) or added (TiO 2 or Fe(III)) in the contaminated medium. The photoprocesses designated as advanced oxidation processes (AOPs), are based on the formation of hydroxyl radicals ( • OH). These highly oxidative species are known to react with the majority of organic compounds with rate constants close to that of a diffusion controlled process (Buxton et al., 1988) .
Among the different AOPs, TiO 2 photocatalysis has been extensively studied for the mineralisation of pollutants of the aquatic compartment (Linsebigler et al., 1994; Hofmann et al., 1995; Ollis et al., 1989; Fox and Dulay, 1993; Bahnemann, 1999) .
We have already reported the efficiency of Fe(III) aquacomplexes to photoinduce the degradation of pollutants (Mazellier et al., 1997; Brand et al., 1998; Mailhot et al., 1999 Mailhot et al., , 2002 under both artificial and solar light. The crucial photoreaction can be described in aqueous solution as:
However, the efficiency of such reactions is strongly dependent on the speciation of iron present in solution. In almost all our previous work the complete mineralisation of the pollutant (transformation into CO 2 , H 2 O and mineral acids) was observed.
Several teams have investigated the influence of dissolved metal ions on photocatalytic degradation of pollutants in aqueous suspension of TiO 2 (Sclafani et al., 1990; Butler and Davis, 1993; Brezovà et al., 1994 Brezovà et al., , 1995 . The addition of Fe(III) can significantly increase the reaction rate of pollutant degradation, and is a function of metal ion concentration. The positive effect of Fe(III) can be explained by a supplementary source of hydroxyl radicals via the photodissociation of Fe(III) aquacomplexes or by the photo-Fenton reaction with H 2 O 2 formed on the surface of TiO 2 . The increase of reaction rate is also attributed to the capability of Fe(III) to react with the electron at the surface of TiO 2 and so prevent the electron-hole recombination.
In this paper we first discuss the role of the monomeric species, mainly Fe(OH) 2+ , in the photodegradation process. In a second step, kinetics of oxidative photodegradation of monuron in both homogeneous solution of Fe(ClO 4 ) 3 and heterogeneous suspension of TiO 2 were investigated and compared. Then, some preliminary experiments with the mixture of both photocatalysts are presented.
Methods
All reagents were of the purest grade commercially available and were used without further purification. Monuron (3-(4-chlorophenyl)-1-1-dimethylurea) was an Aldrich product (99%). Ferric perchlorate nonahydrate (Fe(ClO 4 ) 3 , 9H 2 O; > 97%) was a Fluka product kept in a desiccator. The TiO 2 photocatalyst was P25 from Degussa. All solutions were prepared with deionized ultrapure water (ρ = 18.2 MΩ cm).
In order to measure the quantum yields, monochromatic irradiations at 365 nm were carried out with a high-pressure mercury lamp (Osram HBO 200 W) equipped with a grating monochromator (Bausch and Lomb) giving a parallel beam. The photoreactor was a cylindrical quartz cell of 2 cm path length. The light intensity was measured by ferrioxalate actinometry (Calvert and Pitts, 1966) : I 0 365nm ≈ 2.1 × 10 15 photons s -1 cm -2 . The apparatus for irradiations of larger volume (V = 60 mL) at λ exc. = 365 nm was an elliptical stainless steel container; it was used for kinetic and analytical experiments. A high-pressure mercury lamp (Philips HPW type 125 W), whose emission at 365 nm (93%) was selected by an inner filter, was located at a focal axis of the elliptical cylinder. The reactor, a water-jacketed Pyrex tube (diameter = 2.8 cm), was centred at the other focal axis (photons flux ≈ 4.8 × 10 15 photons s -1 cm -3 ). The reaction medium was continuously stirred.
UV-visible spectra were recorded on a CARY 3 double beam spectrophotometer (Varian). The concentrations of monuron were followed by HPLC analysis using a Waters 540 chromatograph equipped with two pumps Waters 515 and a Waters 990 photodiode array detector. The flow rate was 1 mL min -1 and the eluent a mixture of pure water and acetonitrile (V/V 65/35). The column was a Lichrosphere (Merck) RP18 (reverse phase) of 250 × 4.6 mm with a particle diameter of 5 µm and a pore diameter of 100 Å. The procedure to measure the monomeric concentration of Fe(III) (mainly Fe(OH) 2+ in our experimental conditions) was modified from Kuenzi's procedure (1982) and has been described in previous papers (Brand et al., 1998; Mailhot et al., 1999) . The measurement is based on the formation of the complex Fe(HQS) 3 between 8-hydroxyquinoline-5-sulfonic acid (HQSA) and Fe(III) monomeric species which exhibits a maximum at 572 nm with a molar absorption coefficient equal to 5,075 L mol -1 cm -1 (Mailhot et al., 1999) . Fe(II) concentration was determined by complexometry with ortho-phenanthroline, using ε 510 = 1.118 × 10 4 L mol -1 cm -1 for the Fe(II)-phenanthroline complex (Calvert and Pitts, 1966) . Total organic carbon (TOC) measurements, based on the combustion of carbon detected by the infrared gas analysis method, were followed with a TOC analyser (Shimadzu model TOC-5050A). The calibration curves within the range 1-15 mg L -1 were obtained by using potassium hydrogen phthalate and sodium hydrogen carbonate for organic and inorganic carbon, respectively.
Results and discussion
Concentrations of 1.0 × 10 -4 mol L -1 for monuron and 3.0 × 10 -4 mol L -1 Fe(III) were used throughout this work. Monuron was stable in aqueous solution, no degradation was observed in the dark and at room temperature after 1 month. A mixture of monuron and Fe(III) was stable in the dark and at room temperature for a few weeks in terms of monuron concentration. No complexation was observed between monuron and Fe(III) in the ground state.
Degradation of monuron photoinduced by Fe(III)
Monuron does not absorb at wavelengths longer than 300 nm; no degradation was observed when monuron was irradiated alone at 365 nm or by solar light. Irradiation of the mixtures of monuron and Fe(III) were carried at different percentages of monomeric species Fe(OH) 2+ in aerated conditions and at 365 nm (%Fe(OH) 2+ = [Fe(OH) 2+ ]/[Fe(III)] total ). In this set of experiments, the percentages of Fe(OH) 2+ species were taken as 90, 60, 40 and 20%. The initial quantum yields of monuron disappearance are collected in Table 1 . The results show that the photoefficiency of monuron disappearance is strongly affected by the Fe(OH) 2+ percentage: the higher the percentage, the higher quantum yield and the faster the degradation is. This result has to be linked to the nature of Fe(III) hydroxo species present in the solution, Fe(OH) 2+ being the most photoactive species in terms of • OH radicals production (Belkenberg and Warneck, 1995; Faust and Hoigné, 1990) .
These results are in agreement with the kinetics of monuron degradation as a function of the percentage of the monomeric species shown in Figure 1 .
The apparent rate constant of monuron disappearance was reduced by a factor higher than 10 (1.45 and 0.13 h -1 ) when the percentage of Fe(III) monomer decreased from 90 to 20%. The formation of Fe(II) followed the same trend, the amount of Fe(II) formed increased when the percentage of Fe(III) monomer increased. These results illustrate the importance of the Fe(III) speciation in such processes. The comparative kinetic study at different concentrations of TiO 2 is represented in Figure  2 . The apparent rate constant of monuron disappearance increased when increasing TiO 2 concentration up to a plateau value (≈ 2.2 h -1 ) which was reached for TiO 2 concentration equal to 500 mg L -1 (Figure 3 ). If we compare both systems, similar apparent rate constants of monuron disappearance (≈ 1.45 h -1 ) were observed for 250 mg L -1 of TiO 2 and for Fe(III) 3.0 × 10 -4 mol L -1 ( 90 % Fe(OH) 2+ ).
Photodegradation of monuron in suspensions of TiO 2 and Fe (III)
Some preliminary experiments of the photodegradation of monuron were carried out with a mixture of Fe(III) (3.0 × 10 -4 mol L -1 , 90 % Fe(OH) 2+ ) and TiO 2 ( 24 mg L -1 corresponding to 3.0 × 10 -4 mol L -1 ).
The initial rate of monuron disappearance was roughly identical in three different photocatalytic systems (Figure 4 ): (i) suspension with high concentration of TiO 2 (500 mg.L -1 ), (ii) suspension with low concentration of TiO 2 (24 mg.L -1 ) together with Fe(III) (3.0 × 10 -4 mol.L -1 ; 90 % Fe(OH) 2+ ), and (iii) homogeneous aqueous solution of Fe(III) (3 × 10 -4 mol.L -1 ; 90 % Fe(OH)). However in the last case, the photodegradation of monuron markedly slowed down after 0.5 hour of irradiation. It has to be correlated to the phototransformation of all photoactive Fe(III) into Fe 2+ , the reoxidation of which is known to proceed slowly. Nevertheless, even a small concentration of TiO 2 (24 mg.L -1 ) was capable, under illumination, of reoxidizing Fe 2+ aq back to the photoactive Fe(III) monomer. Accordingly, monuron completely disappeared in the combined photocatalytic system, after approximately 3 hours of irradiation. A similar value was obtained with TiO 2 at H. Mě š t'ánková et al. Figure 4 . The initial rate constants of monuron disappearance for the different solutions are given in Table 2 .
Comparison of the sum of the rate constant of the particular systems with the rate constant of the combined system gives evidence for the presence of a synergy effect.
The importance of the Fe(III) speciation for the overall photoactivity is documented in Figure 5 . A system containing only 60 % of Fe(III) monomer, instead of 90 %, shows slower but still smooth first-order kinetics of monuron disappearance. In the third system with only 10 % of Fe(III) monomeric species, the initially extremely slow kinetics of monuron disappearance markedly accelerated after an induction period of approximately 2 hours of irradiation. Differences between oligomers and monomers in their redox properties and kinetic parameters for their interaction with the electrons photogenerated in TiO 2 could play an important role. In addition, oligomeric species, less photoefficient in terms of OH radical production, are also stronger light absorbing species (Brand et al., 1998) . As a result, the "induction period" could be assigned to the presence of oligomers whereas the second kinetics corresponds to the presence of the couple Fe 3+ /Fe 2+ , Fe 2+ being oxidized into more active Fe 3+ monomeric species.
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